INTrODuCTION
The creation of highly efficient polymeric porous membrane materials with controllable sorption and partitioning properties is an area of membrane science that is undergoing dynamic development. In spite of the variety of approaches and methods used, a considerable proportion of them involve the introduction of ionic groups into the composition of the membranes [1] [2] [3] [4] [5] .
The presence of ionic groups in the membranes primarily leads to a change in their structure and surface electric properties, which has a considerable influence on the mechanism of partitioning and the sorption and transport characteristics of systems for the filtration of solutions containing particles carrying a certain charge, in particular protein solutions [6] [7] [8] [9] .
However, recently, polymeric membrane materials with ionic groups have attracted attention by virtue of the possibility of using the reactivity of these groups to immobilise on the surface of the membranes the active compounds enhancing certain properties of the materials or giving them new characteristics. The partitioning feasibility and effectiveness of materials with immobilised active components, including transition metal ions capable of specific interactions with protein macromolecules, have largely been investigated in studies of systems used in chromatography [10] [11] [12] [13] .
Aromatic polyamides, as a special class of polymers, are actively used for the manufacture of porous polymeric membranes. Their advantages as membrane materials include increased mechanical strength, high heat resistance, and good resistance to chemical and thermooxidative degradation, combined with high transport and partitioning characteristics [14] [15] [16] . The introduction of ionic groups into aromatic polyamides makes it possible to produce polymers in which the characteristic properties of the polyamides are combined with increased hydrophilicity and ion selectivity. Furthermore, the reactivity of ionic groups simplifies considerably the process of immobilisation of active components, while a considerable proportion of known studies call for a stage of preliminary modification of the material before the immobilisation process [17] .
The aim of this work was to study the possibility of modifying porous membrane materials based on sulphonate-containing aromatic polyamide by the immobilisation of copper and nickel ions, and to carry out a comparative assessment of the sorption and partitioning properties of initial and modified membranes in relation to the model protein bovine serum albumin (BSA). It can be assumed that the method examined in this work for the modification of polyamide membranes, affecting the mechanism of partitioning in the investigated systems, is a means of purposeful control of the transport characteristics and selectivity of membrane materials with ionic groups. Of no little importance is the fact that the use of copolymers of different composition with a variable number of fragments with ionic groups makes it possible to control the concentration of active component in the membrane matrix.
EXPErImENTaL
In this work, use was made of ultrafiltration membrane specimens based on functionalised copolymers of aromatic polyamide (PA) of the structure shown in Scheme 1, obtained by the phase-inversion wet forming.
The characteristics of the obtained membranespermeability, air bubble point, and molecular weight cut-off (according to the procedure presented in Cherkasov [18] ) -correspond to the characteristics typical of ultrafiltration membranes. The permeability of membranes with respect to bidistilled water at p = 0.1 MPa amounted to 0.76-0.80 mL/min cm 2 . The bubble point was ~7.5 atm. The nominal molecular weight cut-off was ~40 kDa (delay factor 0.9).
The surface electrical properties of the membranes were investigated by the procedure set out in Berezkin et al. [19] . Depending on the composition of the copolymer used to produce the membrane, the magnitude of its ζ-potential amounted to −25.5 mV (PA-5) and −43.8 mV (PA-10).
The sorption of Cu(II) and Ni(II) ions by specimens was studied in a static regime. The sorption properties of materials were assessed from the change in the content of ions in solutions after holding of the specimens in the solutions until equilibrium was established. The concentrations of Cu(II) and Ni(II) were determined on an SF-2000 spectrophotometer from the optical density on the absorption band of their complexes with sodium diethyldithiocarbamate (for Cu(II)) and dimethylglyoxime (for Ni(II)) in quartz cells of 1 cm thickness. The sorption capacity was calculated as the ratio of the amount of sorbed substance to the area of the specimen. The desorption of metal ions was investigated on specimens of membranes presaturated by corresponding reagents. To determine the concentration of metal ions in solution, use was made of a KVANT-Z.ETA(T) atom absorption spectrometer. The degree of desorption of metal ions was calculated by means of the formula:
where S 0 and S final are the initial and final sorption capacity of the membrane specimen with respect to ions of the corresponding metal (mg/cm 2 ).
Spectral investigations of specimens of air-dried film materials of ~10 µm thickness were conducted using an FSM 1202 IR Fourier spectrometer.
To investigate the sorption and partitioning properties of membrane specimens, use was made of BSA (Sigma, USA) with a molecular weight of 69 kDa. The BSA contains 143 free, negatively charged carboxyl groups (aspargic and glutamic acids) and 101 positively charged amine groups, 60 of which are primary amine groups of lysine, 23 of which are amine groups of arginine, and 18 of which are amine groups of histidine [20] . Such a ratio of negatively and positively charged ionic groups determines the isoelectric point pI of the protein, equal to 4.9 [21] . A BSA globule has a size of the order of 150 × 40-45 Å [20] .
In static sorption experiments, membrane specimens of 25 cm 2 area were used. The volume of the protein solution was 25 mL. To prepare solutions, use was made of 0.04 M universal buffer 22, the pH of which was higher or lower than or corresponded to the pI of protein (8.0, 3.3, and 4.9 respectively). The sorption properties of the materials were assessed from the change in the protein concentration in solutions after holding of specimens in the solutions until equilibrium was reached. The BSA concentration was determined using an SF-2000 spectrophotometer from the optical density at a wavelength λ = 277 nm.
Investigations of the partitioning characteristics of membrane materials under conditions of ultrafiltration of protein solutions were conducted using a blind partitioning cell. The working pressure in the course of the experiments was 0.1 MPa, and the concentration of protein in the buffer solution of corresponding pH was 0.2 g/L. The effective area of the membrane was 11.34 cm 2 , and the cell volume was 150 mL. The pressure in the system was maintained using compressed nitrogen. To assess the sorption activity of the membranes, use was made of the indices of sorption (S UF ) and sorption losses (ω, %) [23, 24] . The sorption losses were calculated from the ratio of the change in the mass content of BSA in Scheme 1.
© 2015 Smithers Information Ltd. T/41
the solution during filtration (with account taken of the protein concentration in the concentrate and filtrate) to the initial content.
The selectivity of the membranes with respect to the filtrate was determined by means of the formula:
where c 0 and c filtrate are the protein concentrations in the initial solution and in the filtrate respectively (g/L).
DISCuSSION aND rESuLTS
Isotherms of Cu(II) and Ni(II) sorption by membrane PA-10 at a pH of 6.5 are presented in Figure 1 .
The results of mathematical processing of experimental data showed the good correspondence of the obtained isotherms to the Langmuir model:
where S is the equilibrium sorption capacity of the membrane (mg/cm 2 ), c e is the concentration of metal ions in solution by the moment of equilibrium (mg/L), Q is the calculated value of maximum sorption (mg/ cm 2 ), and b is the coefficient of affinity in the sorbent/ sorbate system (L/mg). Table 1 presents the coefficients of the isotherms of Cu(II) and Ni(II) sorption by membrane PA-10.
The structure of the macromolecules of the examined polymers makes it possible to assume that the metal ions in them are mainly coordinated with sulphonate groups, which is indicated in particular by the results of spectral investigations ( Figure 2) . IR spectra were obtained for film specimens based on poly-N-isophthaloyl-2-sodium sulphonate-4,4-diaminodiphenylamine (PA), treated with a solution of acid (PA(H)), and then held in aqueous solutions of salts of the corresponding metals (PA(Cu(II)), PA(Ni(II))). To assess the completeness of substitution in the material of sodium ions by hydrogen ions, elemental analysis of the sodium content was used.
The presence in the macromolecular chain of the polymer of sulpho groups leads to the appearance in the spectra of the investigated specimens of absorption bands corresponding to symmetrical (~1080 cm −1 ) and asymmetrical (~1200 cm −1 ) stretching vibrations of SO 2 in -SO 3 - [25] . The introduction of transition metal ions into the material is accompanied with spectral changes in the region of asymmetrical vibrations of SO 2 (a downfield shift of the ~1180 cm −1 absorption maximum, and an upfield shift of the 1230 cm −1 maximum) and with an increase in splitting of the ~1200 cm −1 band, which is due to the ability of d-electrons of the Cu(II) and Ni(II) ions to interact covalently with the -SO 3 -anion [26] .
The ratio of the experimental maximum concentration of sorbate in the specimens to the calculated value (on the basis of the content of ionic groups) amounts to ~0.80-0.84 (with account taken of the coordination of one metal ion with two -SO 3 -ions).
Investigations of the desorption of metal ions in water (pH = 6.5), 1.0 M of KSCN (pH = 7.0), and 0.1 M of EDTA (pH = 4.7) made it possible to establish that the amount of metal isolated from the material by the selected desorbing agents amounts to ~0.1, 5.0, and 75.0% respectively. The obtained results indicate the adequate stability of the bonds formed in the modified systems and are in good agreement with the above suggestion concerning the nature of interactions in the "sulphonatecontaining aromatic polyamide-Cu(II), Ni(II)" system. The results of mathematical processing of experimental data with the use of Langmuir's equation are presented in Table 2 . Figure 4 gives the dependence of the sorption capacity of the polymer membranes PA-10, PA-10(Cu(II)), and PA-10(Ni(II)) with respect to BSA on the pH with a protein concentration in the solution of 0.7 g/L.
Sorption in sorbent/protein systems is known to be determined by a whole number of interactions: electrostatic, Van der Waals, hydrophobic, hydrophilic, structural, and steric interactions between protein and sorbent [27] . The contribution of each of these components depends on the nature of the protein, the conditions of the sorption experiment (in particular the pH of the medium), and the nature of the sorbent.
The results obtained in the course of sorption investigations of specimens of materials were entirely expected. Membranes based on a sulphonate-containing polyamide include free anionic groups and have a negative surface charge. When pH < pI, the protein is positively charged, and forces of attraction of BSA macromolecules and the negatively charged surface of the material predominate. Under these conditions, maximum sorption of protein molecules on membrane PA-10 is observed (Figures 3a and 4) . The nature of the obtained sorption dependences for PA-10 indicates that for the given system the main factors affecting the sorption of BSA macromolecules are the surface electric properties of the membrane and the pH of the medium; i.e. the sorption activity of the material is governed primarily by the membrane/protein electrostatic interactions.
When pH = pI BSA , sorption is mainly determined by non-electrostatic, often hydrophobic interactions [28] . It is in this region for the examined systems that the replacement of the sodium ion by copper and nickel ions in the sulphonate groups of the copolymer of aromatic polyamide leads to a significant increase in the sorption capacity of membrane specimens with respect to BSA (Figures 3b and 4) . Increase in the sorption capacity of the modified membranes in all likelihood is due to the specific interaction between the protein macromolecules and the metal ions, the result of which is the formation of "BSA-Cu(II), Ni(II)-polyelectrolyte" ternary complexes. The possibility and the conditions of formation of complexes of this kind, both in solution and at the phase interface between the protein-containing solution and the modified polymeric sorbent, have been examined in a number of studies [11, 29] . The occurrence (depending on the conditions of the experiment) of two types of interaction (complexing and ion exchange) in the sorbent/sorbate system when ionogenic groups with immobilised transition metal ions are present in the sorbent specimens was shown in Chen et al. [11] . The results of the present investigations are entirely consistent with this hypothesis.
When pH > pI, the protein is negatively charged, and the forces of repulsion of BSA macromolecules and the negatively charged surface of the material predominate. Under these conditions, minimum sorption of the protein molecules on specimens of the materials is observed (Figure 3c and 4) .
The results of investigating the partitioning properties of initial and modified membranes for the case of specimens PA-5 and PA-10 are presented in Table 3 .
As might be supposed on the basis of data of sorption experiments conducted under static conditions, the immobilisation of transition metal ions affects to a greater degree the partitioning characteristics of membranes with a pH similar to pI BSA . It is in this region that the greatest sorption activity of modified membranes is recorded, and a considerable reduction in their permeability with respect to the protein-containing solution is observed, which in all likelihood is due to complexing in the "sulphonatecontaining aromatic polyamide-Cu(II)-protein" system.
As shown by the obtained results (Table 3) , change in the composition of the aromatic polyamide copolymer can be considered to be a means of effective control of the sorption activity of membrane material based on it.
Investigations of the desorption of BSA in a 0.01 M solution of acetate buffer (pH = 5.3) and 1.0 M of KSCN (pH = 7.0) made it possible to establish that the amount of protein isolated from the material by means of the selected desorbing agents within 12 h amounts to ~25 and 99% respectively.
CONCLuSIONS
Thus, the investigations conducted showed the considerable contribution of sorption interactions to the partitioning and transport characteristics of initial and modified membranes based on a copolymer of aromatic polyamide with ionic groups.
A comparative analysis of the sorption properties of the studied materials made it possible to establish the nature of the forces determining the sorption of protein macromolecules from solutions on their surface. It has been shown that, depending on the nature of the counterion in sulphonate groups contained in the membrane material, a predominant contribution to the sorption processes in the investigated systems is made by protein/membrane electrostatic interaction and/or complexing of BSA molecules with metal ions immobilised on the material. This is indicated by the relationship between the pH of the medium, which determines the charge of the protein macromolecules, the surface electric properties of the polymeric material, and the presence in the material of Cu(II) and Ni(II) ions and its sorption activity in relation to BSA.
Of no little importance is the fact that in modified systems the maximum partitioning capacity of the materials is realised at a pH similar to a neutral medium, which, taking into account the features of protein solutions, is preferable when conducting the filtration process.
The established relationship between the concentration of fragments with ionic groups in the aromatic polyamide copolymer, the nature of the counterion in them, and the surface electric, sorption, and partitioning characteristics of the membranes makes it possible to synthesise materials with controllable properties that may be of interest in processes of purifying preparative amounts of proteins.
The examined method of modification with the use of a matrix with reactive groups makes it possible to overcome the shortcoming of pore size variation, which is a consequence of multistage processes of immobilisation of active components on the surface of commercial polymeric membranes.
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